Introduction
Global System for Mobile Communication (GSM) is one of the operating systems used in cellular phone's communications. Our cellular phones are emitting electromagnetic waves (EMW) which are non-ionizing radiation in its nature. This mean does not have an ability to ionize the water and macromolecules in human or animal tissues, in contrast to the ionizing radiation such as X-ray.
Logically, this is right, but now the researchers' data change this opinion due to of many studies were conducted about the nonthermal action of EMWs mediated by oxidative stress or other mediators on living tissues [1] [2] [3] [4] [5] . Some of the recent studies have performed to explain the role of oxidative stress as the harmful effect on living tissues induced by GSM signals [6] [7] [8] [9] . Oxidative stress is a status result due to imbalance between oxidant agents and antioxidant system leading to production of free radicals who are responsible for oxidative damage to proteins, lipids and DNA in the body [10] . Impact of EMW on the effectiveness of the reproductive tract and its direct or indirect role in females' fertility, has contradictory outcomes in most cases and possibly due to variation in the experimental design in terms of source of EMWs, frequency, exposure duration and the specific absorption rate (SAR) used. For instance, Sprague-Dawley rats exposed to low frequency 50 Hz for 18 weeks (24 h/d) exhibited a harmful effect on rats' fertility and reproduction [11] . In the experiment carried out by researchers on the impact of electromagnetic waves on young rats aged 21 d of mothers exposed during pregnancy to mobile phone for 11 h and 45 min in the standby and 15 min in speech mode to evaluate the ovarian follicle's activity, number of follicles and growth were significantly affected due to apoptosis among follicles, hyperplasia in ovarian stroma and elongation cell mitosis time was observed [12] . Another study on Wister rats which exposed to mobile phone 12 times for 10 min (calling mode) for 2 weeks and 1 month, the study suggests that mobile phone wave can increase ovarian and atresia follicles as well as changing in sex hormone's levels [13] . Devrim and his team found that exposure to mobile phone radiation "four times a day for 10 min in call position," electromagnetic radiation (EMR) emitted by mobile phones causes oxidative stress and lipid peroxidation in kidney and erythrocytes, and vitamin C can give some protection against the oxidant stress [14] . On other sides, some studies reported no adverse effects on reproduction activity and fertility in rats and mice exposed to EMWs (GSM/Wi-Fi signals) [15] [16] [17] [18] . The correlations between mobile phone use and histopathological changes were evaluated in different organs and different electromagnetic field (EMF) setup based on the aims of the studies [19] [20] [21] . In 2007, a Turkish study concluded that female rats exposed to mobile phone frequency of 900 MHz exhibited oxidative endometrial damage which is responsible for endometrial impairment and vitamin E & C supplement reduces this damage at a tissue level [22] . An investigation of EMF (50 Hz, 0.5 mT) on epididymis and deferens duct in mice exposed for 2 months revealed low reproductive efficiency in mice due to a decrease in diameter of reproductive ducts, the height of epithelial cells and weight of the testes [23] . In a study to clarify the effect of low-frequency electromagnetic field (ELF-EMF) on fertility and heights of epithelial cells in pre-implantation stage of endometrium and fallopian tube in mice, daily 4 h for 2-week exposure to 50 Hz 0.5 mT EMF showed that ELF-EMF has the detrimental effect on a female genital tract via increasing the fallopian tube epithelial cell's height and reduction in flushed blastocyst's number [24] . Female rats whole body exposure by EMF at 50 Hz for 40 d revealed a detrimental effect on ovarian tissue via increasing fibrosis and venous congestion, and these bad effects were minor in other exposed groups received Ocimum basilicum at a dose 1.5 g/kg B.W. as antioxidant therapy [25] . Iranian researchers group found that in-utero exposure by ELF-EMF at 50 Hz 3 mT, 4 h/d for 21 d in rats led to induce oxidative stress and granulosa cells interspaced from the base membrane with narrow and irregular zona pellucida, vacuolization in ooplasm were observed [26] . Our study, it was aimed to evaluate the correlation between chronic exposure to 1 800 MHz GSM signals "heavy use of mobile phone" induces oxidative stress and histopathological changes in ovarian and uterine tissues in adult female rats.
Material and methods

Animal and EMF setup
The study was approved by the scientific committee of faculty veterinary medicine of University Malaysia Kelantan (UMK) and was conducted in accordance with the UMK guidelines for animal experiments (FPV-PGSC-2014). Thirty female Sprague Dawley type rats at an average body weight 180 g and 3 months old were used throughout the study. Estrus synchronization was done before starting the experiment, and the animals in pro-estrus phase were used throughout the experiment. The animals were distributed over the three groups (control group and the two exposure groups as whole-body exposure for 2 h/d, 7 d/week for 30 and 60 continuous days). The animals were obtained from the laboratory animal research unit of faculty of veterinary medicine (UMK). Animals were kept in plastic cages at room temperature (25 ± 1) C and humidity (60 ± 10)% (relative humidity) with light/dark cycle 12-12 h, and tap water and standard rat pellet were provided ad libitum. Especial designed exposure Plexiglas box (60 cm × 40 cm × 20 cm) was used during the RF-EMR exposure time.
Whole-body exposure with 1 800 MHz GSM-like frequency of mobile phone at SAR level value 0.974 W/kg was calculated using this equation:
where (E) is the magnitude of electric field 28.156, (d) is the conductivity 1.34 s/m and (r) is the mass density of the tissueequivalent media 1 090 kg/m 3 . The exposure setup described by previous publication [27] .
Biochemical analysis
At the end of experiment, rats were anesthetized by intraperitoneal (IP) injection of Ketamine and Xylazine combination at a dose 0.1 mL/100 g b.w. (80 mg/kg b.w. ketamine and 5 mg/ kg b.w. Xylazine) and then sacrificed. Ovaries and uterus were surgically removed for biochemical and histopathological investigations. Kits were purchased from Cusabio Biotech Co., Ltd. and Abcam for biochemical analysis. Malondialdehyde (MDA) was assessed as lipid peroxidation biomarker by using of lipid peroxidation (MDA) assay kit (ab119870, Abcam, U.K.) according to the manufacturer's instructions [28] . Glutathione peroxidase (GSH-PX) activity and melatonin (MT) concentration in serum were estimated by using of rat Glutathione peroxidase ELISA kit and rat Melatonin ELISA kit (CUSABIO Rat GSH-PX ELISA Kit, CSB-E12146r, CUSABIO Melatonin ELISA Kit, CSB-E13433r, Wuhan University Science, Wuhan, Hubei province 430223 P.R. China), respectively. According to the manufacturer's instructions, estimation was performed.
Histopathological sample preparation
All rats were sacrificed in the estrus cycle. Removed ovaries and uterus were cleaned from fatty tissues and washed by normal saline. Tissue paper was used to remove the excess fluids and weighed using a digital scale with precision of 0.001 g. Uterus and ovary samples were fixed in 10% neutral buffer formalin for 48 h before starting the process of preparation for histological slides.
Specimens were embedded in paraffin, and sections at 5 mm was prepared and stained with H&E. Ovarian and uterine tissue slides were examined under the light microscope for histopathological study and measurement of uterine horn layer's thickness (five slices from each sample were randomly selected) at a magnification of 4× and 40× for luminal epithelium layer height. Tissue samples were assessed at a magnification of 20× and 40× and photographed by Olympus microscope (model: BX43F Japan). The evaluation of ovarian and uterine pathological changes was confirmed by histologist and pathologist in veterinary medicine college of UMK. Uterine layer's thickness was measured by using Cellsens Dimension software.
Statistical analysis
Data were presented as mean ± standard deviation (mean ± S.D.). SPSS programs V. 22 software (SPSS In. Chicago, IL, USA) was used to test significant differences among groups. One-way ANOVA and LSD test were used to evaluate the significance between groups. P values of less than 0.05 were considered as significant. Table 1 shows the effect of 1 800 MHz GSM electromagnetic field on body and sex organ's weight of rats after 30 and 60-day irradiation by GSM signals. As observed no significant difference between the body and uterine weight of females of all groups. However, ovarian weight was significantly decreased in 60-days EMF exposure when compared with 30-days EMF exposure and control groups (P = 0.024).
Results
Body, ovarian and uterine weight
Biochemical analysis
Biochemical analysis results in Table 2 showed a significant decrease in GSH-PX activity and an increase in MDA level in ovarian tissue in both EMF exposure groups compares to control group. Uterine tissue GSH-PX activity in the 60-days EMF exposure group was significantly lower than 30-days exposure and control groups. Moreover, endometrial MDA level in a 60-days EMF exposure group for was significantly higher than 30-days EMF exposure and control groups. Serum melatonin level was reduced significantly in both EMF exposure groups compare to control animals.
Measurement of thickness of the uterine layers
The statistical analysis in Table 3 did not show a significant difference in the thickness of the uterine horns' layers in terms of micrometers among the exposure and control groups. However, the height of epithelial cell's layer was significantly increased in 30-days EMF exposure group compared to epithelial cells in control group (P < 0.028).
Histopathological changes 3.4.1. Ovarian tissue changes
Different histologic sections of the ovaries from the female control group indicate well development of ovarian follicles, normal blood vessels and normal stroma cells. The pre-ovulatory follicle showed typical morphology of oocyte and euchromatin nucleus, which was surrounded by typical zona pellucida and several layers of granulosa cells are resting on the basement membrane. Theca interna and theca externa are clearly developed. The primary follicles with the normal oocyte surrounded by single layer of cubical granulosa cells are showed to rest on the basement membrane. Hypertrophy of corpus luteum and proliferation and differentiation of steroidogenic cells with extensive angiogenesis are evident in Figure 1 .
The most evident histopathological changes in the ovaries of females EMF exposure group 30 days post exposures are Table 1 Effect of 1 800 MHz GSM electromagnetic field on body, ovarian and uterine weight (g).
Groups
Body weight Ovarian weight Uterine weight congestion and reduction in the number of ovarian follicles. Other changes include vacuolation in luteal cells, ooplasm and in granulosa cells of pre-ovulatory follicles. Moreover, the histologic changes seen indicate a thin and irregular zona pellucida. Granulosa cells perform a strong contact with the oocyte in the complementary process of autophagy leading to cell death. Micronuclei formation and persistence of pre-ovulatory follicle oocyte and in luteal cells are an indication of DNA damage (Figure 2 ). Microscopic examination of the ovarian tissue sections of females EMF exposure group 60 days post exposure showed a reduction in ovarian follicles, congestion of blood vessels, and degeneration of pre-ovulatory follicle cells and infiltration of macrophages. Vacuolation of interstitial cells and granulosa cell's layers is activated. Micronuclei formation was found in pre-ovulatory follicle's oocytes. Further changes disclose on the disorientation of corona radiata, disruption and thinning of the zona pellucida. Cellular nucleus changes similar to fragmentation of the nucleus indicate the start of the degeneration process at pre-ovulatory follicles (Figure 3 ).
Uterine tissue changes
Tissue sections from the uterus of females control group shows common uterine histology with regular columnar epithelial cells lining the uterine lumen and glands. The mitotic figures were observed clearly in both epithelial and glandular cells along with normal histology of blood vascularity. Fibrosis, necrosis, apoptosis or any other adaptive cellular changes did not observe in the control uterine tissue sections (Figure 4) .
Electromagnetic irradiation for 30 days had the significant effect on female uterine tissue. Histopathological alterations were apoptosis demonstrated in the luminal epithelial cells in a form of individual cell debris that form a halo within the luminal epithelium. Changes in glandular epithelium range from desquamation of epithelial cells to degenerative process. Infiltration of the endometrium with an abundant number of lymphocytes and polymorph nuclear cells along with the vascular congestion point out for the existence of inflammatory response in the endometrium ( Figure 5 ).
Endometritis of acute onset was observed in of females exposed to EMF for 60 days. The cellular inflammatory reaction was composed of infiltrative neutrophils, fewer numbers of lymphocytes as well as severe diffuse eosinophil's infiltration in endometrium and perimetrium layers with apoptosis and desquamation of luminal and glandular epithelium ( Figure 6 ). 
Discussion
The interaction between electromagnetic waves emitted from cellular phone devices and vital organ's activity, especially the female reproductive system performance in terms of the biological role of these waves in the development of oxidative stress and pathological changes became controversial about the reality of the impact of these waves on public health.
This study proved that chronic exposure to mobile phone have no effect on body weight, but the exposure for long periods led to significantly reduced ovarian weight compared to the control group as well as induced oxidative stress represented by elevation of MDA (a lipid peroxidation biomarker) and decline in the activity of antioxidant enzyme GSH-PX in both exposure periods 30 and 60-days at the tissue level of the ovary. Sixty-day exposure group encompassed the reduction of GSH-PX enzyme activity and increased MDA level at the uterine tissue level with reduction in melatonin level. Results are consistent with previous study [22] . One-month old infant rabbit showed an increased hepatic lipid peroxidation as a result of intrauterine exposure of their mothers to 1 800 MHz for 15 min/d for 7 d [29] . Other experimental studies on pregnant and non-pregnant rabbits indicated that exposure to electromagnetic radiation resulted in oxidative damage to DNA and lipid molecules [30] . Pregnant Wister rats exposed to the extremely low-frequency electromagnetic field (ELF-EMF) showed an increase in MDA serum level and also caused an adverse effect in F1 generation ovarian follicle's development, which may affect fertility [26] .
The present study showed chronic exposure to EMF 1 800 MHz causes pathological changes in ovarian tissues ranging from minor to powerful changes (congestion, decreased ovarian follicle number and development, vacuolation, autophagy, apoptosis and micronuclei formation). These results are similar to previous studies [26] . The Wister rats exposed to the ELF-EMF showed that the ovarian tissue revealed separation of granulosa cells from the basement membrane and thinning, irregular zona pellucida, ooplasm vacuolation. Another study found that mice exposed to ELF-EMF for 4 h/d during pregnancy, microscopic examination revealed that the oocyte's nests were irregularly arranged, and the primordial follicles were undeveloped as well as ooplasm vacuolation was observed. The oocyte changes and the separation of granulosa cells from neighboring cells create the main feature of atretic follicle and characteristic of zona pellucida apoptosis with theca interna vacuolation [31] .
Our findings showed that EMF 1 800 MHz frequency increases the oocyte degenerative changes and autophagy apoptosis in granulosa cells, which is in consistence with other study [32] . In the exposed animals, oocytes' nuclei had the irregular shape with micronuclei formation and dark chromatin condensation and had several autophagy granulocytes with different size and shape. This is in consistent with previous researches [33, 34] . The production of ova results from organized sequence of events in the folliculogenesis involving oocyte, granulosa cells and theca interna and externa cells. During folliculogenesis, the follicles not eclectic for the process of ovulation get rid of physiologically by apoptosis and/or autophagy, which is considered as another type of programmed cell death [35] . GSH-Px is an antioxidant enzyme that participates by using reduced glutathione as a hydrogen donor in the process of excluding H 2 O 2 and lipid hydroperoxides and reduces peroxides to reduce the oxidative damage. The reduction in GSH-Px activity due to over consumption of reduced glutathione and reflected on the increase in MDA level that mean tissue oxidation was occurred.
Reduction of melatonin, a potent free radical's scavenger, decreased GSH-Px activity and development of oxidative damage may contribute to increase lipid peroxidation of ovarian tissue [36, 37] . The mechanisms of incidence of DNA damage and follicular atresia are not well known, which can be proposed by free radical's production and leads to activation of the apoptotic process [38] . Theca interstitial cells are sensitive to free radicals' level and reduction in antioxidant triggers apoptosis and antioxidants with precisely different mechanisms of action activate a course of actions consistent with the apoptosis mechanism in ovarian mesenchyme [39] . Endometrial bioactivities may be involved oxidative stress, which induces macrophage's activation leading to excessive production of reactive oxygen and nitrogen species. These free radicals interact with low-density lipoproteins and other proteins leading to produce MDA [40] [41] [42] . Our findings showed that MDA level in uterine tissue was elevated after 60-days of exposure to EMF, suggesting involvement of lipid peroxidation as end product of oxidative damage and accompanied by decrease antioxidant enzyme GSH-Px activity. This is in consistence with previous studies [43] [44] [45] . In our study, we found that mobile phone radiation increases the height of the uterine luminal epithelium cells, which is consistent with an experimental study on mice exposed to the extremely low-frequency field (50 Hz, 4 h/d, 6 d a week for 2 weeks). The experiment indicates an increase in height of luminal epithelium layer of Fallopian tubes and decrease in flushed blastocysts contributed to an imbalance in the function of the female reproductive system [24] .
Previous studies found that electromagnetic fields cause a decrease in estrogen level in rats due to low level of FSH after exposure to EMF, which reduce ovarian follicle capacity to reach the developmental stage that is essential for reproductive success and cause alteration in estrogen secretion that exert many biological effects throughout the body [46, 47] . But physiologically the increase in height of the luminal epithelium occurred as a result of estrogen effect on uterine tissue causing an increase in cell proliferation and size and inducing uterine growth [48] [49] [50] . This indicates presence of an unknown mechanism resulting from involving other factors that effect on luminal epithelium proliferation and growth, finally resulting in increased height of luminal epithelium cells. Therefore, further investigations to clarify the correct mechanism that contributed to the increase luminal epithelial layer growth.
The present study revealed that EMF causes cellular inflammatory reaction composed of infiltrative neutrophils, lymphocytes, severe diffuse eosinophils in endometrium and perimetrium layers with apoptosis and desquamation of luminal and glandular epithelium. This in consistent with previous results [22] , which proved that the EMF induced diffuse and severe apoptosis in glandular and luminal epithelium cells and diffused eosinophils, leucocytes and lymphocyte's infiltration. Several factors were involved in endometritis, including red blood cell's damage, apoptotic endometrial cells, cellular debris and some inflammatory factors. All these factors contribute in activation of polymorphonuclear cells and macrophage, which might be stimulated by immune response or free radicals [51] . Our data suggest that the potential alteration of antioxidant capacity associated with excessive production of free radicals may contribute to endometrial oxidative damage, which could be related to the pathogenesis and progression of endometritis.
Further studies need to evaluate the correlation between other factors such as interleukins, vascular endothelial growth factor, tumor necrosis factor, granulosa cell's apoptosis and leukocyte activity and pathological changes of uterine tissue under effect of radio-frequency electromagnetic radiation emitted from mobile phone.
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